2 Highlights  Serum DL-PCB concentrations were higher in the low quality semen group.
Introduction
Infertility is an important health problem in both the developed and developing worlds, with up to one in six couples requiring specialist investigation or treatments in order to conceive [1] . In this context, approximately 20-50% of infertility cases are linked to male fertility factors. In 30-40% of cases, no male-infertility-associated factor is found (idiopathic male infertility), with normal parameters in endocrine, genetic and biochemical laboratory testing [2] . However, when semen analyses are performed, a spermiogram reveals several sperm pathological parameters affecting fertility [3] . It has been hypothesised that environmental exposure to toxic pollutants and endocrine disruptors such as pesticides, phthalates, polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated dibenzofurans (PCDFs) or specifically polychlorinated biphenyls (PCBs) plays an important role in these trends [4] .
PCBs are persistent and lipophilic organochlorines, formerly used in cutting oils and lubricants and as electrical insulators. PCB use and manufacture was discontinued in many countries in the late 1970s in view of their toxicological effects on humans and laboratory animals [5] . Today, substantial exposure to PCBs persists through the ingestion of food, mainly fish, meat and dairy products [6] .
Moreover, some of the PCB congeners (non-ortho and mono-ortho PCBs) exhibit similar biological toxicity to 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), a congener of dioxins considered the most highly toxic environmental contaminant ever manufactured [7] , and are therefore often termed "dioxin-like PCBs" (DL-PCBs). These compounds possess oestrogenic and anti-oestrogenic properties [8] and act through the cytosolic aryl hydrocarbon receptor / aryl hydrocarbon receptor nuclear translocator (AhR/ARNT) receptor complex, which is often called "the dioxin receptor" for this reason [9] .
The male reproductive system is highly sensitive to exposure to these compounds [10] . Over the past 20 years several chemicals have appeared in our environment, and these may interfere with endogenous hormone signalling or act as hormones themselves, leading to steroid hormone receptor interferences [11] . Studies in animals have reported adverse effects involving dioxins or dioxin-like chemicals following both developmental exposures and exposure in adulthood, including reproductive defects and steroid hormone function disruption [12, 13, 14] .
However, few epidemiological studies have investigated the relationship between male reproductive function and DL-PCB exposure [15] . For example, Guo et al. showed that accidentally high prenatal exposure to PCBs/PCDFs induced alterations in sperm morphology, decreased sperm motility, and reduced oocyte penetration capacity in exposed men [16] . Dhooge et al. [17] observed in young men that semen volume decreased but sperm concentration increased with high levels in dioxin-like activity (using the "Chemical Activated LUciferase gene eXpression" or CALUX assay). In addition, in the large population of Russian boys aged 8-9 to 17-18, associations between exposures to DL-PCBs and delayed puberty were found [18] .
However, the effects of exposure at older ages are less noticeable, and consequently there is little epidemiologic evidence on the effects of DL-PCBs on male reproduction in humans [17] . In a multinational study (Poland, Greenland, Ukraine and Sweden) on adult men, Toft et al. found no strong and consistent associations between environmental exposure to dioxin-like compounds and semen quality measurements using CALUX [19] . In contrast, another study found positive relationships between sperm quality measurements and PCBs (dioxin-like PCB-118, and non-dioxin-like PCBs 138, 153 and 180) in men with poor semen quality and in controls, whereas sperm progressive motility and concentration were inversely related to the levels of PCB metabolites [20] . Cross-sectional studies of men who were partners in subfertile couples have found inverse associations between serum concentrations of PCB 153, 138, 118, ∑PCBs, and PCBs classified as enzyme inducers, and semen quality, particularly sperm motility [21, 22] .
The aforementioned studies focus on the relationship between only one individual DL-PCB (PCB-118), whereas the rest are non DL-PCBs and/or congener groups, with seminal parameters in subfertile men. As a consequence, there is a need to analyse individual congeners of DL-PCBs and their potential effects on the reproduction system of adult men. Hence, the aim of the present study was to investigate whether the concentration of DL˗PCBs in serum could be correlated with semen quality in subfertile males.
Materials and Methods

Design and patients
This investigation was designed as an analytical observational case-controlled study. The objects of the study were adult males (n = 56) (30-55 age range) who were partners in subfertile couples seeking infertility diagnosis from the IVF Spain clinic (Alicante, Spain) during the period from May 2012 to June 2014. Consecutive eligible individuals (from couples not affected by infertility factors) were selected to participate.
Questionnaire
A complete clinical examination was performed on every patient, and a questionnaire was used to collect individual information, including personal background, lifestyle factors, medical history, tobacco/alcohol consumption and likely exposure to environmental chemical compounds. Informed consent was given by every patient after receiving a detailed explanation of the study. Participation of human subjects did not occur until written informed consent was obtained. The ethics committee of the University General Hospital of Alicante approved the study in accordance with the principles of the Declaration of Helsinki.
Exclusion criteria
Patients with known factors related to male infertility such as varicocele, postvasectomy or cryptorchidism, endocrine hypogonadism (abnormal hormonal concentrations), immune infertility, genetic disease, infection, anomalies in the karyotype or Y chromosome microdeletions were excluded from the study (6 out of 56 subjects, resulting in a final n = 50).
Finally, the patients were divided into two groups on the basis of semen quality according to the World Health Organization (WHO) criteria [23] as follows: (i) low semen quality (n = 24), composed of patients with alteration of at least one parameter in the semen analysis and, (ii) a control group (n = 26), composed of patients with normal semen quality, with all the semen parameters above the WHO 2010 cutoffs.
Semen analysis
Semen samples were collected by masturbation into sterile cups following 3 days of sexual abstinence. After 30 minutes of liquefaction at 37 ºC, standard semen parameters (sperm concentration, volume, percent motile sperm, and percent morphologically normal sperm) were immediately evaluated according to WHO criteria [23] . Ejaculate volumes were estimated by weighing the sample in the vessel in which it was collected. In order to measure sperm concentration and motility, we placed aliquots of semen samples (5 µL) into a prewarmed (37 ºC) Makler counting chamber (Sefi Medical Instruments, Haifa, Israel); a minimum of 200 sperm from at least four different fields were analysed from each individual sampled. Sperm motility was classified into four categories as follows: rapid progressive motile (Type a), slow progressive motile (Type b), non-progressive motile, and immotile spermatozoa. In addition, sperm morphology was measured on air-dried Papanicolaou-stained seminal smears by recording the percentage of normal forms following Kruger's strict criteria [24] . Finally, the total sperm count was derived by multiplying the individual's sperm concentration and volume [23] . Semen analyses were performed by the same technician, who was blind to other clinical data.
Measurement of serum DL-PCBs
Blood serum and semen samples were collected from each subject on the same Analytical methods and quality control were carried out according to Moltó et al. [25] . Briefly, serum samples were spiked with ¹³C₁₂-labelled internal standards before extraction (WP-LCS; Wellington Laboratories Inc., Guelph, Canada), extracted several times using hexane, and purified using sulphuric acid. All of the reagents were for the organic trace analysis and were purchased from Merck (Germany). Finally, the extracts were analysed by means of high-resolution gas chromatography coupled with highresolution mass spectrometry (HRGC/HRMS) using the isotopic dilution method in an Agilent HP5890 gas chromatograph equipped with a programmable temperature vaporisation (PTV) injector, coupled to a Micromass Autospec Ultima-NT mass spectrometer, using an Agilent DB5-MS chromatographic column (60 m × 0.25 mm i.d. × 0.25 μm).
PCB concentrations were adjusted for total serum lipids. DL-PCB concentrations are reported both individually and as the sum of all congeners assayed (total DL-PCBs) and expressed in picograms of compound per gram of total lipids (pg/g lipid). Serum total cholesterol and triglycerides were measured enzymatically, and total lipid concentrations calculated by the Phillips formula [26] .
The toxic equivalent units (TEQ) were then calculated based on the serum concentration multiplied by the respective toxic equivalent factor (TEF) according to WHO-TEFs-2005 [27] . We also expressed the total TEQs (total WHO-TEQ DL-PCBs) as the sum of the TEQs obtained from the DL-PCBs measured in the serum samples.
Quality assurance criteria were based on the minimum requirements described in US EPA method 1668C for dioxin-like PCBs [28] . A procedural blank was associated with each batch of 4 samples and processed in the same manner.
Statistical analyses
The non-parametric Mann˗Whitney U˗test was used to assess differences between low-and normal-quality semen parameters. Multivariate linear regressions were used to evaluate the relationship between DL-PCB levels and semen parameters for both low-and normal-quality semen participants. Multivariate regression models were created with continuous semen parameters as dependent variables and DL-PCBs as predictor or independent variables [29, 30] and considering the DL-PCBs from non-ortho PCBs (77, 81, 126 and 169) and mono-ortho PCBs (105, 114, 118, 123, 156, 157, 167 and 189). In the present study, congeners below the limit of detection (LOD) were reported considering a concentration equal to their respective LOD. For each of the 12 DL-PCBs measured, the percentage of samples with levels above the LOD was calculated. Those analytes with at least 60% of the values above the LOD were included in further analysis (in our study, all congeners), following early reports [31, 32] .
Moreover, the following semen parameters (dependent variables) were included in the model: semen volume (mL), sperm concentration (x10 6 /mL), sperm total count (x10 6 ), sperm progressive motility (%), sperm viability (%) and normal morphology (%)
following Kruger's criteria [24] , because of relevance in the relationship between male reproductive function and PCB concentrations [21, 29, 30] . We considered that a correlation was present when we found a statistically significant linear trend between
PCBs and the semen parameters selected. A p-value of <0.05 was considered to be statistically significant. Descriptive and statistical analyses were performed using SPSS version 17.0 (SPSS Inc., Chicago, IL, USA).
Results
Characteristics of participants in the study
The characteristics of the population are described in Table 1 . Participants were men of high and medium socioeconomic status without specific occupational exposure to DL-PCBs. The overall mean age and body mass index (BMI) were 38.04 ± 5.01 years and 24.77 ± 2.28 kg/m 2 , respectively (expressed as mean ± standard deviation (SD)).
All of them were white, 84% had never smoked and 6% had never consumed alcohol.
Non-significant differences were found in age, BMI, smoking status, alcohol and drug intake, level of education, employment and socioeconomic status, and residential area, when normal and low-quality semen parameters were compared (p < 0.05). The sexual abstinence time was approximately 3 days; since the study design controlled for sexual abstinence time and this variable was not significant, there was no need to control for it in the analysis.
Seminal parameter results are shown in Table 2 . We found that individuals with low semen quality showed significant impairment of sperm concentration (24. In addition, the mean values of the DL-PCB concentrations (expressed as pg/g lipid) in serum of the males studied were also compared between both groups (see Figure 1B ). We observed that individuals with altered semen parameters exhibited significantly higher levels of non-ortho PCBs (949. 
Concentrations of PCBs
Concentrations of PCBs expressed as pg-WHO-TEQ
Relationship between serum DL˗PCBs and sperm parameters
For the low semen quality group, the data showed a negative significant correlation between PCB 126 in serum, the most toxic dioxin-like PCB, and viability (r = -0.645; p = 0.013). Moreover, sperm morphology was positively correlated with two non-ortho PCBs, PCB 77 (r = 0.671; p = 0.009) and PCB 81 (r = 0.552; p = 0.041).
Finally, positive correlations between sperm volume and PCB 118 (r = 0.556; p = 0.039), total mono ortho PCBs (r = 0.583; p = 0.029) and total DL-PCBs (r = 0.593; p = 0.025) were found (Table 4) .
Moreover, within the normal semen quality group, corresponding positive correlations were significant between sperm morphology and PCB 77 (r = 0.553; p = 0.026), PCB 123 (r = 0.559; p = 0.024) and, total non-ortho PCBs (r = 0.548; p = 0.028). Other parameters, such as semen volume and sperm motility, showed a statistically significant negative correlation with PCB 118 (r = -0.539; p = 0.031) and PCB 189 (r = -0.521; p = 0.039), respectively (Table 5 ).
When the data from the overall group (n=50) were analysed (Table 6) 
Discussion
The present study shows tentative results on the relationship between DL-PCB concentrations in serum and semen quality from subfertile men. Our findings show that the total concentrations of PCBs were significantly higher among individuals with low semen quality than in normal semen quality counterparts. The WHO˗TEQ values of total PCBs and non-ortho PCBs were higher, although not significantly different, in individuals with low semen quality. Likewise, there was a significantly higher level of mono-ortho PCBs in the low-quality semen group. Thus, these data show trends that are suggestive of a relationship between DL-PCBs and the sperm parameters evaluated.
In comparison with early reports, we found that the total DL-PCBs value in the low semen quality group was similar (22.52 pg WHO˗TEQ/g lipid) to those reported previously in Spanish populations (20.47 pg WHO˗TEQ/g lipid) [33] and in the Scarlino area in Italy (21.2 pg WHO˗TEQ/g lipid) [34] . However, the values obtained in our study were higher than the median DL˗PCB concentrations reported in the serum from populations in Greece [35] and Australia [36] .
The differences in DL˗PCB levels found among populations may be attributed to variations in dietary intake. In fact, the consumption of fish is likely to be the most relevant source of PCBs for humans [37] . In our study, the participants were from northern Europe, where fatty fish consumption is high [38] . In fact, Swedish and
Finnish estimations reveal that 70-80% of the dioxin-like PCB intake originates from consumption of fatty fish [39] .
We used multivariate linear regression models to assess the relationship between the concentration of each PCB in serum with typical sperm parameters such as motility, morphology, volume and viability with a view to exploring the adverse effects of PCBs on male fertility. For the entire group, a significantly negative correlation between sperm progressive motility with non-ortho PCB 126 and mono-ortho PCB 189 was finally observed. Further, viability was negatively correlated with non-ortho PCBs (126 and 169), mono-ortho PCB 189 and the total PCB level. In addition, sperm morphology was positively correlated with PCB 123, though negatively associated with PCB 189.
We also carried out the analysis to establish the relationship between each PCB and semen quality for each group of patients. In the low semen quality subgroup, we found a strong negative correlation between non-ortho PCB 126 levels in serum and viability, while sperm morphology correlated positively with other individual congeners (non ortho PCBs 77 and 81). In the group of men with normal semen quality we found a statistically significant negative correlation between sperm progressive motility and mono-ortho PCB 189. Moreover, sperm morphology correlated positively with PCBs 77 and 123. In this context, previous reports found a reduced motility and increased abnormal morphology relationship with PCB/dioxin exposure [16, 40] . However, the positive correlation found between the percentages of morphologically normal sperm with some specific congeners is contrary to the results on the effects of PCBs on sperm morphology previously reported [41] . The resulting variation may be due to structural differences between PCBs. The rate and extent of metabolism within PCBs depend on the number and positions of the chlorine atoms in the molecule [42] . Thus, differences based on the metabolism of each congener could express a variety of toxic effects on sperm cell biomarkers.
In the present study, semen volume and its relationship with each PCB was also investigated. We found an inverse correlation with PCB 118, which reached negative significance only in those subjects with good sperm parameters. A similar relationship was found by Dhooge et al. [17] in men from the general population. In contrast, within the group of subjects with low semen quality, we found a positive significant relationship with this same congener. However, for the whole group no relationship was found. The effects of xenoestrogens on the endocrine system and their impact on reproductive health are multiple. For instance, these toxins or their metabolites may act directly on accessory glands by altering the quality or quantity of their secretions and this could influence semen volume [43] . Further studies on the effect of DL-PCB exposure -both individual congeners and PCB mixtures-on male accessory glands are required.
Interestingly, the lack of correlation between serum PCB levels and both the total sperm count and sperm concentration (for the entire group as well as the individual groups studied) was similar to those obtained in other mammals like adult male rats, in which exposure to TCDD at relatively high doses caused a decrease in weight of two androgen-sensitive organs (seminal vesicles and epididymis) without affecting spermatogenesis [44] . Similarly, studies performed with human adult males suggest no relationship between dioxin-like activity and sperm concentration [19] . By contrast, other authors have reported relationships between human prenatal and postnatal exposure to dioxin compounds and alterations in semen quality [45] . Previously, another study showed that exposure to low levels of these compounds before puberty induces a reduction in sperm concentration; however, no effects were observed during adulthood [46] . In a recently published study, Burns et al. analysed the association of peripubertal serum levels of dioxin-like compounds and non-dioxin-like PCBs with pubertal onset and maturity among Russian boys, who were enrolled at ages 8-9 and followed prospectively through ages 17-18 [18] . The authors found robust associations of serum levels of dioxin-like compounds with later pubertal onset and sexual maturity, while non dioxin-like PCBs were associated with earlier pubertal onset and sexual maturity. In another recent study, higher peripubertal serum TCDD concentrations and PCDD TEQs were associated with poorer semen parameters in young Russian men [47] .These findings suggest that the developing male reproductive tract is particularly sensitive to exposure to environmental chemicals.
In the light of those results, the level of exposure, the age at the time of exposure (before and after puberty), the duration of such exposure and other endogenous or environmental factors may play an important role on the observed effects. Furthermore, this could explain, in part, the lack of effect of these chemicals on spermatogenesis of the mature reproductive system [46] . The impact of PCB exposure on semen quality appears to affect differentiation of spermatids (spermiogenesis) and epididymal maturation, which in turn would manifest as decreased sperm motility and morphology [48, 49] . Epididymal and accessory gland functions are strongly regulated by sex hormones and express AhR, androgen receptors (AR) as well as oestrogen receptors α and β (ERα, ERβ) [50] as potential targets of toxic action affecting sperm motility and sperm DNA integrity [51] .
Overall, several causes may contribute to the relationships observed in this study between DL˗PCB exposure and altered semen quality. As already mentioned, TCDD and other dioxin-like chemicals produce dramatic effects primarily through the aryl hydrocarbon receptor (AhR) according to Sorg [9] . AhR and ARNT are expressed in all seminiferous tubule stages of the human testes and in spermatocytes [52, 53] , where they are thought to play an important role in normal sperm development [54] . The effect of AhR signalling could be stimulatory or inhibitory, depending on other factors such as the level of dioxin exposure, the period of sensitivity and/or development of the target cells, and the actual level of key regulatory molecules, including the androgenoestrogen balance [46] . Moreover, polymorphisms in genes involved in AhR signalling have also been associated with impaired semen quality [55] .
Alternatively, it is well established that dioxin compounds may produce oxidative stress in the male reproductive tract [56] . An increase in oxidative stress can be seen in approx. 80 % of clinically proven infertile men, since exposure to environmental toxicants is a major factor contributing to such an increase [57] . Human spermatozoa are particularly susceptible to oxidative stress owing to their high polyunsaturated fatty acid content. Although small amounts of reactive oxygen species (ROS) are required for normal sperm functioning, their excess production can cause lipid peroxidation with plasma membrane and mid-piece defects affecting sperm motility [58] . ROS can also induce oxidation of critical sulfa-hydroxyl (SH) groups in proteins and DNA, with direct implications for spermatogenesis and cellular functionality [59] .
The present study has a number of limitations. First, the number of participants included in the study was small. As a consequence, the results of these analyses must be interpreted with caution. In addition, because the study was conducted among men recruited through a fertility clinic, the findings of our study cannot be generalised. For a better understanding of the potential effects of environmental chemicals on semen quality, studies involving wider populations would be needed to confirm these preliminary findings. However, these results may still be useful to men seeking fertility care.
The strengths of our study include the fact that we measured and reported not only total PCBs and TEQs, but also 12 individual congeners with a similar mode of action. The detailed congener-specific PCB analysis provides a more comprehensive and accurate population (or subgroups) pattern of DL-PCB exposure and represents a valuable tool to assist in the determination of exposure pathways for individuals. For example, highly chlorinated congeners such as PCBs 105, 118 and 156 were related with occupational exposure [60, 61] . In addition, lower chlorinated congeners may indicate indoor air exposure [62] , while levels of non-dioxin like PCBs 153 and 180 might reflect general (dietary) exposures [63] . Unfortunately, we did not measure non-dioxin-like PCBs.
Further, more detailed studies are needed to investigate dioxin-like and other PCBsboth individual congeners and PCB mixtures -in male fertility.
The congener profile of DL-PCBs in serum samples could be of help in designing appropriate measures to ensure a safer and healthier work environment and/or changes in lifestyle in order to reduce exposure to PCBs, which might improve the fertile capacity in infertile couples. Furthermore, construction of the toxicological profile of PCBs reveals the presence of several congeners that have the potential to affect semen quality and allows a better understanding of the toxicological/epidemiological consequences of exposure to hazardous substances on male reproductive health.
Conclusions
In summary, our findings suggest that the negative effects of dioxins occur in the n: number of patients. *A total of 10% of the participants reported to be on drugs occasionally during the last three months, mainly marijuana; no other kinds of drugs were reported. 
